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the one w e d  fo r  previoue teets .  These etudiee are Intended to 
investigate in detail the phenaena occurring in this high-speed 
range, t o  define prapeller perfomnce In t h i e  range, and t o  afford 
a ccanparieon between propeller and Jet  efficiencies. The first 
phaee of this program include8 tes te  of the RACA 4 4 5 )  (08)-03 
propeller t o  a forward speed range up to Mach numbere of 0.9 with 
two blades and through a wide range of power coefficiente. 

DuriJg the early phases of these tests ,  mechanical difficulties 
necessitated removal of the dymtwmeter f o r  repa3r8, thus delaying 
the program. Resulte of the tw-blade tes ts  of the M C A  b( 5) (08)-03 
prapeUer at blade anglee of 45O and bo, a8 well a8 thrwt wake 
B L I ~ V B ~ B ,  were partially ccnnpleted before the ilpamcmter difficultiea 
eet in. 

SYMBOLS 

V 

n 

D' 

f 

M 

MX 

Mt 

radius to e t a t i o n  on blade, measured frm axla of rotation 

radiw t o  survey station in wake, measured f r a u  axis of 
rotation 

prcypeller radius 

fraction of propeller t i p  radius 

rat io  of radius to survey etatiom In wake to radiue of 

veloc i ty  of advance, feet per second 

propeller rotational 8peed, rpe 

propeller diameter, feet  

advance r a t io  (V/nD) 

Mach munber of advance 

Mach number at  a+d blade station 

hel ica l  t i p  Mach number 
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P pawer 

parer ccefficient (si) 
T thrust 

thrust  coefficient 6%) 
efficiency of propeller 

T\P jet-propulsive erf iciency 

The t e s t e  were conaucted in  the Langley &foot, h3.gh-apeed tunnel. 
A sketch  (fig. 1) ehms tho t e s t  setup and'dymmmeter detalle,  The 
motors of the dpamaeter were suspended by means of flex plahee . 
Thrust and tarque pr,ese.urea were obtkined by mans of aervova~vee 
which b u i l t  up preeaurs equal to that necessary t o  keep the tkruat 
or torque arm in a null poeition. These pressurea were then meaeured 
on a calibrated manometer board. By means of thfs t n e  of measuring 
system, propeller  efficiencies  rather than propuleive efficiencies 
were obtained. T h e  data for previous tes'cf3 of this propeller, for 
which the Mach nmbor range was not 88 great, were for propulsive 
efficiencies  (reference 1). A rake (not s h m  in  fig.l)was wed t o  
obtain thrust wake-survey measurements. This rake was fastened 
r ig id ly   to  the wall and dynamometer barrel  TO0 from the   ver t ical  
in order t o  be outside the influence of the s m  ~upportfng  the front 
unit. The ends of' the rake tubes were l8 Inches behind the plane of 
the propeller. 

The NACA L ( 5 )  (o8)lo3 propeller blades used for these t e s t s  were 
the 8me as those useit in the tests of reference 1. Blade-farm curves 
=e given in   f igure 2. It may bo 8een frmthis ffgure that the 
spinner for  the  present tests l e  amaller than that used for the 
previous tes te ,  t h e  present epinner surface being at the x = 0.27f. 
stat ion and the previous e_.inner surface being a t  the x = 0.33 atation. 
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only using two of the four motor6 duriw these t e s t 8  becauee of 
mechanical d i f f i cu l t i e s  ence-mtered  with the dynamometer. Both 
uni t s  were In place fer theaa tests but only the two motors in the 
rear unit were used. 

REDUCTION OF DATA 

The f o r m  t e s t  data have been reduced t o   t h e  usual thrust and 
power coefffcients and have been corrected because of tuImel-xall 
conetraint t o  the equfYa1en.t free-etream velocity  (reference 2).  

Tke aocuracy to which the data could be reproduced is  indicated 
by the test points on figure8 3 and 4, and a t  peak efficiency the 
average sca t te r  was of the  order of 8 percent  although  for an 
isolated c88e the sca t te r  became 88 great ae 5 percent. Pressure 
forces acting on the spinner were masured and found t o  give 
correotiom of leea than 1 percent and therefore were not incnl.po- 
rated with the test reaults.  

The thruet-soefficient  gradient curve8 were campuked frcxn 
measurements of statio- and total-preesrme changee in the wake of 
the propeller. An explanation of the method wed is given i n  
reference 3.  

RESWLTS AKD DISCUSSION 

The propeller charecte-Tistic curve8 are  presented in  figures 3 
and 4. FGr each value of free-stream Mach number, the propeller- 
thrust   coefflcient,  power coefficient, and efficiency are  plotted 
against advance ra t io .  A plot  of helical t i p  Mach  number against 
advance r e t i o  is also included f o r  each of the figwee. 

FLguree 3 and 4 aleo af ford  a caparison between efflclencies 
fo r  the  present  data and the efffciencies for data frcm previous 
model tests (references 1 and, 4). For both  blade ane;les teeted, 
the thrust- and pmer-coefficient curve8 far the prevzoue data (got 
presented) are  eaeentlally the same as those for preeent Clata up t o  
the stall for Mach numbers up t o  0.60. S t a r t i n g  a t  a Mach number 
of 0.60, however, valires of both thrust and power coefficient  obtained 
i n  the previoue ke8tfl are amaller than the corresponding valuee 
obtained in the present investigation for = 60°, and the . 
discrepancy is relatively greater for the  power coefficient than 
for the thrust coefficient. It mag be noted fram figure 3 that for 
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= 45O, the agreement between all three sets of data i s  Kithin 
25'grcent for peak efficiency  and th i s  is within  the combined 
experimental  accuracy of the data. For = 60' (fig, 4), the  
present t e s t s  are in good ae;reement with previoue model teat8  through 
a Mach number of 0.53. Beyond & Mach number of 0.53, differences 
in  efficiency occur which becaae as  great as 6 percent at 8 Mach 
number of 0.65. These differences  fn  efficiency rnay be the result 
of the following factors: flrst, the present data are  for propeller 
efficiencies, wherm8 the previous data were f o r  propulsive ef'fl- 
cienoies. In obtaining  the  propulsive  efffciencies, the wing-fuselage 
cambination f o r  the t e a t  settip recovered a certain amount of the 
rotational  slipstream losses, which a t  Bo = 60' are Large. 
Second, the velocity a t  the propeller plane f o r  the previous data 
was higher  than the t e s t  data indicated by a ve loc i t r   r a t io  

Free-Btream velocity 
By using these n e w  high velocities,  whicheffeot an angle of attack 
decrease, calculcttiom show that the propeller section  efffciencies, 
particularly a t  the root sections at high Mach llumber~ f o r  Po.?~R = 60°, 
will be higher than they would have been had the'seotion selocitiee 
been the eane aa free-atream  velocity. 32ee-etream velocity  occurred 
at most of the  sections f o r  the present propeller tests.  Third,  the 
present data are for a propellsr w i t h  8.8 percent of the thfcker, more 
inefficient shank sectioslls eqosed than were exposed for the pr87iOUs 
teste.  CalcliLation8 shm the sum of the above difference8 t o  be of 
the order of magnitude to account for the discrepanciee existing between 
the two eets 'of  Bata at  high speeds. These differences did not occur 
a t  the low speeds because they are  iadioated t o  be cawed by a c r i t i c a l  
canbination of high speeds and high blade angles away fram the  design 
conditions. Two-dimermional data also show very l i t t l e  change of drag 
coefficient or lift coefficient until the l i f t  coefficient beccanes 
large a t  high &ch mmfber8. 

T"ue volm i ty of 1.029 at the t i p  to 1.075 at the shank (x = 0.33). 

Curves of envelope and peak efficiency  plotted against tip 
Mach number &e presented i n  figure 5 for  both blade angles. For . 

= 45', which 16 approximately  the de8ign blade angle of the 
propeller, the curves show a loes in peak efficiency of 20 percent 
between low speeds and a t i p  Mach number of 1.2. The maximum forward 
epeed attained f o r  this angle we8 a Mach  number of 0.65. If the peak- 
efficiency  curve is cmpared w i t h  that obtained fo2 the previous model 
t e s t s ,  t he  C u r V B B  will be verr close t o  each other up to a t i p  Mach 
number of 1.0 but beyond this Mach number difference8 will be ehown 
tkat w i l l  becrme 8s large as  5 percen$ a t  a t i p  Mach numbor of 1.07. 
These differences m y  be p a t i a l l y  explained in view of the f ac t  that 
at the higher forward Mach numbers, the tip Mach number curve became8 
much steeper when p lo t t ed   qa ins t  advance ratio, and small inaccuracies 
in establi6hing the advancL r a t i o   f o r  peak efficiency w f l l  result i n  

. .. 
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large differences In t i p  Y!ch number. !l!hese diiierences w - l l l .  not 
occur in the test  range of previous data f o r  = a0. The 

= 60' curves f QT the present  teets erh!3nd into a forward Bo 7% 
, Mach number range never before explored 3.n propell9r investigations. 

The envelope-efficiency curve extends only t o  a t i p  Mach number of 
2.12, 'but the forward Mach number extends t o  0.85. The envelope- 
efficiency 1088 between low speed8 and a forward Mach number of 
0.80 ifl of the order 8f 35 t o  40 percent, which when omp&red with 
data fo r  p o , 7 g  = 45 ahvw that a8 more  of the blade enters the  
high-speed raws where capreaeibi l i ty   effecte  'are encountered, 
corresponding loeeee occur. D a t a  could not be obtained for peak 
eff fciency a t  a fGrward Mach m b e r  s e a t e r  than 0.80 becauee of 
power limitations,  but  tho curve8 ehow that at a Mach number of 
0.85, the peak efficiency will be above 31.5 percent and at a Mach 
number of 0.90 it w i n  be above 46.5 percent. 

The thrushcoefficient curve6 of figure 6 ehaw szmflar c h a r a c t e ~  
i s t i c e  t o  those obtained for  the tes ts  preeented in reference 5. 
For the blade awle of &lo, hawever, the forward Mach number ran@le 
for the present t e s t e  i a  much higher..  Pawer-coefflcient curveB 
(fig. 7) are included for a n  thruet-coefflcient curve8 preeented. 

The curves show that for eonstant blade angle, the advance 
ratio for zero thruet  increaeee  slightly with Mach number up t o  a 
Mach number t ha t  can be considered the   c r i t i ca l  epee& of the blade 
and then  decreasee rapidly with fur thor  epeed increases. The curve8 
also ehow a tendency fo r  thie ad'vanc+ratio value t o  Level off at 
a Mach number of 0.9. ThZs Wicates that for higbspeeh propellera 
having nrost o f . the i r  s e c t l x m  operating beyond their or i t ica l  epeede, 
the anglee of attack of the propeller blade sections nut be greater 
than for  one operating in  the lower Mach numb%-region in order t o  
sustain high efficiencies.  Therefore, the blade arg le must be greater 
for a given set of operating  conditione  in.-thie h i m p e e d  range. 
An examinaticm of thew curvea also shows that at  the hl.gher Mach 
numbers the differences in ad-ranoe r a t i o  between the zero pare r  and 
t-t coefficients are Bpread m e  widely apart  than at  the lower 
Mach numbers, indicating that for peak-efficiency operation, a higher . 
parer coefficient w i l l  be neces.sary at high apeeda than for law 8peed8. 
Coneequon.t;l.y, in  aelecting a propeller for higbsgeed operat3on8, 
low-speed eatimatea of parer  coefflcient will be necesearlly low 
and thie   effect  ehould be taken.1nto  account. 

Thruet-gradient C U F V ~ O  far the two anglee teeted ars Shawn in 
figures 8 end 9. Value6 of advance r a t i o  are also given with them 
curve8 BO that corresponding  force-teet moults can be obtained f r o m  
figures 3 and 4. 

Figure LO shows a camparison of farce-test and wake-mrvey 
thrust coefficiente for an advance ratio of 2.2 when p0.793 = 45O - 
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and for an advance ra t io  a t  peak efficfencg when p 0.7T = &lo* 
The resul ts  of tests  presented in reference 6 show tha the values 
will not necesiarily agree i n  magnitude  because of th3 use of only 
0138 survey rake, The camparison given in   f igure  10, however, is 
presented t o  ahow the good qualitative agreement between the  trende 
abtained from force data and integrated pressure meaauremente i n  the 
slipstream. . . . . . -. . .  

The awves on figure II give an idea of the naagnitude of the 
effects of caprese ib i l&ty  011 thrust di8tributi0118  along the propeller 
for a blade angle of 45 f o r  an advance r a t i o  of 2.2 throughout the 
t e s t  Mach  number range. These curvee ehow that  coanpreseibility 
losses occur at t h e   t i p  beginning with a  free-stream Mach number 
of 0.53, and the lOf3Bt38 become  more serioue as the Yach number 
increaaes due t o  mare of the blade sectiona  entering a speed range 
beyond t h e i r   c r i t f c a l  speeds. Similar analysis was presented in  
reference 7. A t  a f’re4-etrem-a Mach number. of 0 .65s it may be noted 
that the shank thmzst dfstribution drops off i n  magnftude from that 
for the lower Mach numbera, and it is believed that t h i s  is due to 
almost a l l  of the propeller being beyond i ts  section critical  speed^, 
whereas for the lower Mach nlm3ers the shank sections  are  operating 
below their c r i t i c a l  speede. The section Mach m~iber8 for these 
operating  conditions a m  presented in f i p e  12 and are camputed 
froln the relakion 

T h i s  aaswnes that there ars no induced effects and corresponde t o  
the velocity Wo 

where w, = / K - G z F  
Figure 13 shows the effects of caurpressibilitg on thrU8t 

distributions along the  prapelLsr blade for Bo = 60° for 
peak-efffciency operation  throughout  the test Mach puniber range. 
A curve ehawing the change i n  advance r a t i o  for the same operating 
conditi-ona  (peak  efficiency) w i t h  Mach number i e  also preeented on 
thfs figure. Asawning each section t o  be operating at’deaign Uft 
coefficient, the cr i t ica lE!ch  number I s  exceeded at the x = 0.80 
a ta t ion  a t  a forward Mach Lurmber of 0.65, and for all blade  atation8 
for a l l  Mach numbers tested above 0.65. (See fig. 14.) A t  arty 
other  section l i f t  coefficients the c r i t i c a l  speede w i l l  be lower. 

Up t o  and including a Mach number of 0.65, the thrust-distFibution 
owvet3 all have the same general shape and show no adveree effects  of 
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compressibilitp. Even at .a Mach' number of 0.65 where the c r i t i c a l  
epeede m e  exceeded for part of the blade, ccanpreeelbility  effect8 
are not  eevere enough t o  produce a loe8 i n  thrust, poesfbly because 
of three-d.lmenSiona1 relief a t  the blade t i p .  A t  a Mach  number of 
0.70, however, the  section  thruet  share a distinct  decrease a t  
sectiom outboard of x = 0.45, ehowinp, that the c r i t i c a l  speeds 
of the  sections around t h e   t i p  have been well exceeded, while those 
around the shank are s t i l l  carrying  their normal load. This ef fec t  
w o u l d  probably have been lees eevere had the advance r a t i o  for peak 
efficiency for t h i s  Mach nmber been the  same a8 that f o r  the lower 
Mach number range. 

A t  Mach numbers greater  than 0.70, the ahads sections are getting 
further beyond their   cri t ict ir ,  specds as the forward speed increases 
and they lose thrust rapidly, but the t i p  sections  begin assuming 
l m d  again. An analyeia of these  data ehows that   the   t ip   sect ion8 
are i n  a Mach number range well beyond their  c r i t i c a l  speeds where 
the   l i f t -coeff ic ient  curve f o r  two-dimensional  data begin3 to 
increase and consequently allows higher thrust loads t o  be carried 
by these sections. It is believed that the dip in  theee  curves 
occurring Just outboard of the x = 0.40 station is in   the  forward 
speed range where the  l i f t  coefflcient for twwiimemional  data bas 
reached Ate l a r e s t  levo1 (beyond c r i t i c a l  Mach number). The Mach 
number at which t h i s  oscwe f o r  t h e m  curve8 ia &bout 0.88 with a 
sca t te r  on each side of about 0.02 in Mach number. Thi8 figuro 
(M = 0.88) i e  In close accord  with that of eimilar two-dimensional 
a i r f o i l  data shown i n  references 8 and 9. The losses in  shank 
thruat would probably not have occurred at as law et Mach number or  
have been a8 Bevere had the design blade angle for this propeller 
been say 60 inatead of about 45 . 

Figures 11 and 13 also show the change in  posit ion of maximum 
section thruet along the  proyeller radius with forward Mach number. 
Far B0.73 = 4-5'9 88 the Mach number increased ink0 the range 
where compressibility effect8 oocw,  the maximum section thrust 
moved ite poeition frboard. A8 previously stated far this blade angle, 
however, the forward Mach number range did not extend to a value 
where all of the eections of the blade were well a3ove their c r i t i c a l  
speeds. For = 60°, the inboard movement ~f the m a x i m  
sect ion thruat  coefficient in the epeed range where campressibillty 
effects  occur was noted again, but with further epeed incream the 
position then moved outboar& slong the radius t o  a poeition even 
further out than it. WBB f o r  Law-speed operatione. 

A canparisan between t h e  peak efficiencies obtained far this 
propeller and the efficienciee that can be obtained f 'rcpn a typical 
presenb-dq Jet  ia premnted in  figure 15. - 



The equation far Jet  efficiency, which 58 the same 88 that derived 
f r o m  the  propeller mameIltum theory, waa taken €'ram reference 10 

where 

V, free-stream 
AV incremental 

The curves in figure 15 'show %Plat .far the blade angles tested, 
the propd.ler ef'ficiencies are greater than those for a typical 
present-day jet  operating a t  naaximum rated parer up to a Mach n m b r  
of 0.820. This condition f o r  the Jet is equivalent to the climb 
and high-speed conditione for an airplane. T h f s  t m e  of com-pfurison 
includes the thrust per wit area rather than the absolute value 
of thrust and thus may be used 88 cnmparieon for any size  Jet  o r  
propeller . 

Tests of an NACA 4"(5) (08)-03 twc+blade pr e l l e r  in  the Langley 
&foot hi&b-epeed tunnel for blade angles of 45 9 and 60' through 
the Mach nuniber range exbending up t o  0.913, and beyond speeds 
previously investigated with thie propeller, indicate the following 
conclusions: 

1. PropeUer-efficiency losses not greater than 47 percent 
oocurred fer p o , 7 ~  = &lo by increasing the forward Mach Ilumber 
from a low-speed value t o  0.90. 

2. For propellers operating a t  supercrit ical  SpeedE, the blade 
angle must be greater than for lar-speed operation at a given advance 
ratio,  and the power coefficient  for  peak-fficiencg  operation w i l l  
be higher than that estimted frcpn low-speed data. 

3. For peak-efficiency  operation,  the tips of propellers 
eqerience  ccaqpressibility  effects first and these  effects moveinboard 8 8  
inboard  section speede increaee t o  and beyond their c r l t i c a l  speeds. 
When the   t ip   sect ion speede increase further t o  speeda correaponding 
t o  the Mach number where the l l f t  coefficient for tw&imensional 
data  begins  increasing beyond tha3r   c r i t i ca l  speed), thee8 eections 
a88me load which had pre~: ' .ous~  been lost due to cqx-eseibil i ty 
effects. - 



4. The efficiency of t h i s  propeller l e  higher than the Jet- 
propulsive efficiency of a t n i c a l  presentaag Jet below a Mach 
number of 0.82 with the Jet operating at naaxim~m continuous 
rated parer. 

Langley Memorial Aeronautioal  Laboratory 
National Advism~7 Committee for Aeronautic8 

Lawley Field, Va. 
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Figure 1.- Test setup and dynamometer details. 
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Advance ratio, J 
figure 3- Characteristics of NACA 4-(5)(08)-03 propeller,j90375R =45P " 
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Fig. 6a - NACA RM No. L7E12 
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NACA RM No. L7E12 Fig. 6b 



Fig. 7a NACA RM No. L7E12 - 
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Fig. 8a NACA RM No. L7E12 



NACA RM No. L7E12 Fig. 8a conc. 



Fig. 8b NACA RM No. L7E12 
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NACA RM No. L7E12 Fig. 8c 



Fig. 8d NACA RM No. L7E12 
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YACA RM No. L7E12 Fig. 8e 



Fig. 8f NACA RM No. L7E12 



NACA RM No. L7E12 Fig. 9a 
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Fig. 9a conc. NACA RM No. L7E12 
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NACA RM No. L7E12 Fig. 9b 



Fig. 9b conc. - NACA RM No, L7E12 
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NACA RM No. L7E12 Fig. 9c 



Fig. 9d NACA RM No. L7E12 
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Fig. 9e , 



Fig. 9f NACA RM No. L7E12 
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Fig. 9h NACA RM No. L7E12 



NACA R,M No, L7E12 - Fig. 9i 
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NACA RM No. L7E12 - Fig. 11 
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NACA RM No. L7E12 c, Fig. 13 
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